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We have characterized an in vitro skin model consisting of 
neonatal keratinocytes and fibroblasts grown on a nylon 
mesh. To produce a dermal model, fibroblasts were seeded 
onto nylon mesh and grown for 4 weeks until a physiologic 
dermal-like matrix was formed. This matrix was found to 
consist of collagens I and III, fibronectin, and glycosamino-
glycans. Keratinocytes were then seeded onto the dermal 
model and the co-culture was grown at the air/liquid inter-
face. A differentiated epidermis with distinct basal, spinous, 
granular, and stratum corneum layers was formed. When 
incubated in the presence ofkeratinocytes, fibronectin immu-
nofluorescence increased throughout the dermis compared to 
cultures incubated similarly in the absence ofkeratinocytes. A 
basement membrane zone rich in laminin, collagen IV, and 
heparan sulfate proteoglycan was detected. The epidermis, 
isolated from the co-culture by thermo lysin digestion, was 
A number of in vitro models have been developed to study the devel0rment, physiology, and pharmacol-ogy of skin [1-4. To mimic the skin in vivo, a model should resemble morphologically and biochemically . the parent tissue. Furthermore, the model should 
mimic the reactivity of skin to environmental and chemical insults, 
have a differential permeability barrier, and have the capacity to 
metabolize xenobiotic compounds and potential drug candidates. 
One skin model commonly used is the collagen gel dermal equiv-
alent [1] seeded with keratinocytes and grown at the air/liquid 
interface until epidermal differentiation occurs. In this system, epi-
dermal outgrowth is greater when viable fibroblasts are present and 
when the collagen matrix has been reorganized by the fibroblasts 
[2]. Another commonly used skin model consists of keratinocytes 
grown on a de-epidermized cadaver dermis, also grown at the air/li-
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Abbreviations: 
BSA: bovine serum albumin 
ECM: extracellular matrix 
PBS: fetal bovine serum 
FM: fibroblast medium 
Fs: foreskin epidermis 
HPTLC: high-performance thin-layer chromatography 
Hs: adult skin epidermis 
MK: monolayer keratinocytes 
PBS: phosphate-buffered saline 
50S-PAGE: sodium dodecylsulfate-polyacrylamide gel electro-
phoresis 
TLC: thin-layer chromatography 
analyzed for differentiation markers. Kl keratin (67-kDa) 
and involucrin were detected by immunologic techniques. 
Cer~mide lip~ds (types III and IV), thought to be important in 
barner functIOn, were detected by thin-layer chromatogra-
phy. The permeability of the co-culture to a panel of com-
pounds, including [3H]-water, was determined using Franz 
and side-by-side diffusion cells. The permeability coefficient 
for water was of the same order of magnitude as that deter-
mined for neonatal foreskin. The co-culture also showed 
selective permeability to a panel of compounds of differing 
lipid solubility. This co-culture metabolized (3H]-testoster-
one to a profile of metabolites similar to that of neonatal 
foreskin. We believe that this in vitro skin model will be 
useful for the study of drug permeability and metabolism. 
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quid interface [3,4]' In this system, the basement membrane mole-
cul~s :emaining on the dermis appear to facilitate epidermal differ-
entiation. 
We have developed a skin model that includes mitotic and meta-
bolically active dermal and epidermal layers [5]. * The dermis of this 
model consists of neonatal dermal fibroblasts grown on a nylon 
mesh such that the fibroblasts deposit extracellular matrix (ECM) 
and f~rm a three-dimen~ional tissue-like structure. No exogenous 
matenal (e.g., collagen) IS added to produce the dermis, so that the 
matrix components present are deposited by the resident fibroblasts. 
The dermal model ECM contains mature collagen fibrils, libronec-
ti?, and ?o~h sulfated a~d non-sulfated glycosaminoglycans.t The 
dl~erentlatlon of keratl110cytes grown into an epidermal layer on 
thiS derma! mo~el wa~ compared to that of monolayer keratinocytes 
and.foreskl11 epI.d~rmls. ~urthermore, the epidermal layer has a se-
I~ctlve per~e~blh.ty ba:ner and metabolic potential. These proper-
ties make thiS In VItro skl11 model a useful alternative to conventional 
models (i.e., hairless r?~ent and human cadaver skin) for the study 
of cutaneous permeabilIty and metabolism. 
MATERIALS AND METHODS 
Cell Culture of the Dermal Model The three-dimensional 
nylon mesh culture system f~r fi?ro?lasts has been described previ-
ously [5-7]. Unless otherwise l11dlcated, all incubations were at 
37°C in a 5% CO2 incubator with ~90% humidity. Fibroblasts 
. • .slivka sR, Lande~n L, ~imber M, Naughton GK, Bartel RL: Character-
IZation of the three-dimensional co-culture of neonatal human fibroblasts 
and keratinocytes. J Invest DermatoI96:544A, 1991 
t Slivka SR, Zeigler F, Landeen L, Bartel RL: Keratinocytes modulate 
extracellular matrix deposition in a novel dermal model (abstr). ) Invest 
DermatoI98:621A, 1992 
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Table I. Extracellar Matrix Composition of the Dermal Model and the KeratinocytejDermal Model 
Co-Cultures Compared to Neonatal Foreskin" 
Collagens Basement Membrane Zone 
Tissue Fibronectin Decorin III IV HSPG LAM 
Dermal Modelb 2 3 4 2 0 0 0 
Dermal Model (+4 weeks), 1 3 4 2 0 1 0 
Co-culture (+4 weeks)' 4 3 4 2 4 4 3 
Foreskin 3 3 3 2 4 4 3 
• Paraffin sections were stained for matrix macromolecules by immunohistochemistry and for immunofluorescence. The relative staining was assigned a value of 0 -4, 4 
being the most intense. 
b Dermal model, the 26-d culture after cryopreservation . 
, Dermal model (+4 weeks), dermal model mallllailled III stratifiealloll Jar all addltiollal 4 weeks afier eryopresen1alioll as a cOlllrol Ja r lire co-wltllre. 
J Co-wIll", (+4 weeks), the keratinocyte/dermal model co-culture grown for 4 weeks until keratinocyte differentiation was complete. 
were obtained from neonatal foreskins by sequential trypsin and 
collagenase digestion and expanded in DMEM containing 10% 
fetal bovine serum (defined, Hyc1one, Logan, UT). The cells were 
then seeded onto acid-washed, FBS-treated medical-grade nylon 
mesh (100 J.l, 8 X 8 em) (Tetko, Minneapolis, MN). After 1 d, the 
mesh cultures were transferred to 150-mm petri dishes with 45-
50 ml fibroblast medium (FM) [DMEM containing 10% calf serum 
(defined and iron-supplemented, Hyclone, Logan, UT) and 
100 J.lg/ml ascorbic acid (Sigma)]. Cultures were fed with FMevery 
3 - 4 d until they were 12 - 13 d old and then incubated as follows: 
1) phosphate-buffered saline (PBS) (45 ml) at 4-8°C until they 
were 15-16 d old, 2) FM (37°C) until they were 19-20 d old, 3) 
PBS (4-8 °C) until they were 22-23 d old, and 4) FM until they 
were 26 - 27 d old. At this time, the medium was aspirated and the 
mesh cultures were frozen immediately in FM containing 10% 
DMSO (-70°C). This dermal model was used for up to 28 dafter 
freezing. 
Preparation of the Keratinocyte/Dermal Model Co-Cul-
ture Keratinocytes were obtained by trypsin (Type III, Sigma) 
digestion of the epidermis of neonatal foreskins and were expanded 
in monolayer in Keratinocyte Serum Free Medium (Gibco). The 
dermal model cultures were removed from the freezer, rinsed with 
PBS, and incubated in stratification medium [DMEM with 5% FBS, 
100 J.lg/ml ascorbate (Sigma), and 0.5 J.lg/ml hydrocortisone 
(Sigma)] for 24 - 48 h. Keratinocytes (passage 3) were seeded onto 
the dermal model (1 X 105/cm2). The keratinocyte/dermal model 
co-cultures were incubated submerged in stratification medium for 
5 - 7 d, then placed on plastic frames (fabricated for Advanced Tis-
sue Sciences) to allow differentiation at the air/liquid interface [8]. 
After 12-14 total days in culture, a cholesterol-rich lipid supple-
ment (Sigma) (0.5%) was added to the stratification medium and the 
cultures were grown for an additional 12- 14 d until a multilayered 
stratum corneum was formed . 
Histology and Immunohistochemistry Samples were fixed in 
10% phosphate-buffered formalin, dehydrated, and embedded in 
paraffin . Samples were cut (7 J.lm), deparaffinized, and stained with 
hematoxylin and eosin. For involucrin immunohistochemistry, the 
presence of the anti-involucrin antibodies was detected with perox-
idase staining according to established protocols (Biomedical Tech-
nologies, Inc., Staughton, MA). 
For immunofluorescence, specimens were fixed in ethanol (95%) 
(24 h at 4°C), followed by dehydrating in ethanol (100%) (24 hat 
4 °C), clearing in xylene (8 h at 4°C), and embedding in paraffin 
(56 °C). Specimens were cut at 7 J.lm, mounted on Superfrost Plus 
slides (Fisher), cleared in xylene, and dehydrated in a graded series 
of ethanol. Hematoxylin and eosin (Sigma) was llsed routinely to 
stain histologi-c specimens. 
The presence and localization of collagen types I and III were 
determined with peroxidase immunohistochemistry; collagen type 
IV, fibronectin, laminin, and heparan sulfate proteoglycan were 
determined by immunofluorescence. Antibodies to human fibronec-
tin (AOOl),laminin (AI05), and decorin (AI18) were from Telios 
(La Jolla, CA); antibodies to heparan sulfate proteoglycan 
(MAB458), collagen (I) (AB745), collagen (III) (AB7 47), and colla-
gen (IV) (~~910) were from S:hernicon (Temecula, CA). Sec-
ondary ~nt1bo?les were goat. ant1:-mouse phycoerythrin (Gibco), 
goat anti-rabbit phycoerythnn (Sigma), and goat anti-rabbit fol-
lowed. by rab~it peroxidase-:nti-peroxidase (PAP) (Chemicon). 
AlIlI1cubatlons were at 20 C. Control samples were incubated in 
parallel ,:"ithout the primary antibody .. Some specimens were di-
gested Wl.t~ enzymes to unmask the antlgens prior to primary anti-
body addition. For collagen types I and III, slides were treated with 
thermolysin .(Sigma) (0.2. mg!ml in PBS with Ca++ /Mg++,5 min); 
for fibronectm and deconn, shdes were treated with bovine testicu-
o 
Figure 1. Development of the epidermal layer of the keratinocyte dermal 
model co-culture. Keratinocytes were seeded onto the human dermal 
fibroblast cultures. The co-culture was grown submerged for 1 week (A)' 
and lifted to the air/liquid interface, grown for, and sampled at 2 week~ 
(B) , 3 weeks (C): or 4 weeks (D) of culture (magnification X 400). In 
subse.quent expenments, the 4-week culture was designated the barrier 
function model (BFM). The round object at the side is a cross-section of a 
nylon fiber. 
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Figure 2. Kl expression in the keratinocyte/dermal model co-culture. 
The epidermis of the 4-week co-culture (BFM) was compared to neonatal 
foreskin epidermis (FS), adult skin epidermis (HS), and monolayer kerati-
nocytes (MK). Urea-soluble proteins were separated by SDS-PAGE trans-
ferred to nitrocellulose and immunoblotted for KI (67-kDa keratin). The 
control incubated in the absence of primary antibody did not react with 
the antibodies. 
lar hyaluronidase (Sigma) (0.5 mg/ml in 0.1 N sodium acetate-ace-
tic acid buffer pH 6.0, 5 min). 
For immunofluorescent antibody detection, deparaffinized speci-
mens were rehydrated and blocked with TST (0.01 M Tris-Cl, 
pH 7.6, 0.1 M NaCl, 0.1% Tween-20) containing 4% goat serum 
and 0.1% bovine serum albumin (BSA) (Boehringer Mannheim) 
(30 min). Slides were then 1) incubated with primary antisera di-
luted in TS (0.01 M Tris-Cl, 0.1 M NaCl; pH 7.6) with 1% goat 
serum (1-3 h); 2) rinsed 5 times with TST; 3) soaked in TS 
(10 min) ; 4) incubated with secondary antisera conjugated with 
R-phycoerythrin and 2.5 X 10- 4 mg/ml propidium iodide in TS 
(30 min); 5) rinsed five times with TST; 6) soaked in TS (10 min), 
and 7) mounted in Gelmount (Fisher). Photomicrography was on a 
Nikon Optiphot Epifluorescent microscope. Exposure times were 
held constant (1 ± 0.1 sec). 
Specimens were prepared for immunoperoxidase staining of in-
volucrin as above except 1) secondary antibody was goat anti-rabbit 
antisera diluted in TS with 1 % goat serum, 2) slides were incubated 
with rabbit peroxidase-antiperoxidase diluted in TS (30 min), and 
3) peroxidase activity was measured by incubating slides in TS con-
taining 0.5 mg/ml diaminobenzidine with O.O! % H20 2 for 5 min, 
followed by counterstaining in Harris hematoxylin and mounting 
in Gelmount. 
Immunoblot Analysis of Keratins and Lipid Analysis To 
harvest the epidermis of the skin or culture samples for extraction, 
the tissue or co-cultures were incubated in thermolysin (Sigma) 
(0.25 mg/ml in PBS) for 1 h at room temperature. The epidermal 
sheets were then mechanically removed. 
For immunoblots, epidermal sheets were extracted in 8 M urea in 
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Figure 3. lnvolucrin expression in the keratinocyte/derrnal model co' 
culture. For involucrin analysis, paraffin-embedded specimens of the 
4-week co-culture (BFM) (A) and foreskin (B) were sectioned and stained 
for involucrin using peroxidase immunohistochemistry (magnification 
X400). 
0.1 M Tris-HCl (~H 9.5) containing 0.01 % beta-mercaptoethanol. 
The cellular debns was removed by centrifugation. The soluble 
protems we~e separated by SDS-PAGE (8 -15% gradient), trans-
ferred to rutrocellulose membranes, and immunoblotted with 
monoclonal antibodies to basic keratins (AE3, Enzo Diagnostics, 
New York, NY). 
For lipid analysis, epidermal sheets were extracted in 
CHCI3:CH30H:H20 (2: 2: 1). The lower phase was dried under 
N2 and weighed .. ~ipid ~xtracts (10 mg) were then separated over 
CHCI3-wa~hed sll.lCIC aCid coluTruls. ~on-polar lipids (e.g., choles-
~ero! ~nd tnglycend~s) were elute~ With methanol, medium polar-
Ity hplds ~e .. g., ceranudes). eluted With acetone, and polar lipids (e.g., 
phosphohplds) eluted With CHCI3 . Each fraction was then sepa-
rated by silica gel thin-layer chromatography (TLC) 
(~HCI3:CH30H:H20, 190: 90: 1), and visualized by H2S04 char-
nng. For the chloroform and methanol fractions one-third of the 
original 10 mg lipid was separated by TLC and for the acetone 
fraction the entire medium polarity fraction was separated by TLC. 
Permeability and Drug Metabolism Assays Keratinocyte/ 
dermal .mo~el co-cultures w~re laser cut into 1.69-cm2 squares and 
placed m elth~r Franz or slde-by-side diffusion cells (5 mm and 
9 mm, r~s'pectIvely; ~rown Glass Co., NJ) for the evaluation of 
permeablhty properties. The receiver and donor buffer was PBS 
with calcium and magnesium iOIlS, 1 gil glucose, and phenol red, 
pH 7.2-7.6. For the [3H] water flux, the culture model or neonatal 
foreskin was placed in Franz cells. PH] water was applied and the 
excess blotted from the surface after 20 min. For the determination 
of permeability. coefficie?-ts, test co~pounds (3 .uCi, 100 .uM) were 
added to the epidermal Side of the slde-by-side cells. One hundred-
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Figure 4. Upid analysis of the keratinocyte/dermal model co-culture. 
The epidermal layers of the 4-week co-culture (latles 3, 6, alld 9) and 
neonatal foreskins (lalles 2, 5, and 8) were removed with thermolysin. 
Monolayer keratinocytes (lalles 1, 4, and 7) were harvested with trypsin. 
Lipids were extracted from these samples and 10 mg of each was frac-
tionated on silicic acid columns and separated by thin-layer chromatogra-
phy as described in Materials alld Methods: lanes 1-3 contain non-polar 
lipids (NPL) (e.g., cholesterol), lanes 4-6 contain medium polarity lipids 
(e.g., Ill, ceramide type III; IV, ceramide type IV; and. C:B, c~r:brosides), 
and lanes 7 - 9 contain polar lipid (PL) (e.g., phospholipid) lipids. 
microliter aliquots were sampled from the receiver side over a 16 -
18-h period and counted in a liquid scintillation counter. All perme-
ability assays were done at ambient temperature (22-26 °C). The 
permeability coefficients were calculated from the steady-state flux 
rates. 
For the static permeation and metabolism assays, the keratino-
eyte/ dermal model co-culture model squares (1.69-cm2) were 
placed on MilliCeil inserts (Millipore, 35-mm, 3-fJ. polycarbonate 
fi lter) in a 6-well culture dish with 1 ml DMEM (5% FBS) under-
neath. A 1.21-cm2 filter paper square (Whatman 3 M) was placed 
on top. Test compounds (in 25 fJ.1 PBS) were applied directly to the 
paper and the cultures were incubated at 30°C.. Fifty.-mi~roliter 
aliquots of medium were sampled from the receiver Side m both 
assays and counted in a liquid scintillation counter. The percent dose 
accumulated was calculated by counting the buffer containing the 
applied dose and determining the percent in the recei:,~r well at 3 h. 
For the metabolism assay, [3H]-testosterone (1 fJ.C1 m 25 fJ.I PBS) 
was applied directly to the paper and the cultures were incubated at 
30°C for 3 h. Testosterone and testosterone metabolites were ex-
tracted into methylene chloride and separated by silica gel high-
performance thin-layer chromatography (HPTLC) plates (What-
man) (CHCI3:MeOH 98: 2). For autoradiography, the plates were 
sprayed with Enhance (DuPont, New England Nuclear) and the 
radioactive bands visualized after exposure to Kodak X-AR film. 
RESULTS 
Growth of the Keratinocyte/ Dermal Model Co-Culture 
The dermal model was produced by a series of alternating incuba-
tions of fibroblasts on the nylon mesh between medium and PBS. 
These conditions produced a dermal model that was rich in collagen 
types I and III, fibronectin, and decorin, with similar fluorescence 
intensity to foreskin dermis (Table I). The dermal model was then 
frozen to decrease the fibroblast density. This growth protocol pro-
duced a dermal tissue that was determined in multiple experiments 
to be optimum for the growth of a differentiated, functional epider-
mis. 
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Figure 5. Development.of ~arrier .function in the keratinocyte/dermal 
model co-culture. At the mdicated time (weeks in culture), the model was 
laser cut into 1.69-cm2 squares. Each square was placed on a Millicell 
insert with 1 ml of medium underneath. A 1.21-cm2 piece of filter paper 
was placed on the epidermis side of the square and 25 III of the indicated 
compounds (radiolabeled) were placed on top of the filter paper. The 
model squares were incubated for 3 h at 3ZOC. The percent dose was 
calculated by counting the buffer and determining the percent of the 
compound applied. Compounds tested were hydrocortisone (HYD), urea, 
benzoic acid (BENZ), sucrose (SUC), and testosterone (TEST). 
The goal of these studies was to develop a skin model system that 
is useful for in l/itro studies of permeability and drug metabolism. To 
produce this model, neonatal foreskin keratinocytes were seeded 
onto the dermal model (Fig 1). The keratinocyte/dermal model 
co-cult~res were .grown .su?merged for 1 we~k (Fig lA). To pro-
~ote eplderm~l dlfferentlatlOn, cul~r~s were hfted to the air/liquid 
mterface and mcubated for an additIOnal week (Fig IB) . At this 
time, basa.l cell and spinous cell layers were present. Also, a granular 
layer and stratum corneum had begun to form. A cholesterol-rich 
lipid mixture was then added to the growth medium. Total co-cul-
tures of 3 weeks (Fig 1 C) and 4 weeks (Fig 1D) show that morpho-
logic differentiation of the epidermis was complete, as demon-
strated by columnar basal cells, 4-6 layers of suprabasal cells, a 
granular layer, and 8 - 10 layers of stratum corneum. 
The culture of the dermal model with keratinocytes altered the 
composition of the dermal model. When incubated a subsequent 4 
weeks in the presence ofkeratinocytes, fibronectin immunofluores-
cence increased throughout the dermal model, whereas a control in 
the absence of keratinocytes failed to show an increase (Table I) . 
Similarly, in the presence of keratinocytes, the basement membrane 
zone molecules laminin, collagen IY, and h~paran sulfate proteogly-
cans were found at the dermal! epidermal Junction. 
Differentiation Markers of the Keratinocyte/ Dermal Model 
Co-Cultur~ To evaluate the extent of epidermal differentiation 
of the keratmocyte/ dermal model. co-culture, the epidermis of the 
4-week co-cultl~re w~s rem~)Ved With thermolysin and compared to 
neonatal foreskI~ epiderrrus (FS), adult skin epidermis (HS) , and 
monolayer keratInocytes (MK) . Samples were immunoblotted for 
Kl (67-.kDa kerat~n) with AE3 antibody (Fig 2) . Note that, in com-
mon With foreskin and adult skin, the co-culture epidermis ex-
pressed the Kl differentiation marker. 
The expression of the cornified envelope protein involucrin was 
analyzed In.the 4~wee~ co-culture and compared to that in neonatal 
foreskm epldermls (Fig 3). Appropriate involucrin expression was 
observed ill both the keratinocyte/dermal model co-culture and 
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Figure 6. Tritiated water flux in neonatal foreskin and the keratinocyte/ 
dermal model co-culture. Four-week- old co-cultures (BFM) (1.69-cm2 
squares) or neonatal foreskins were mounted in a Franz-type diffusion 
cell (0.5 em inner diameter). [3H) water (100 ,ul) was added to the epider-
mal side of the tissue and incubated at ambient temperature for 20 min. 
The excess [3H) water was blotted from the surface and the receiver fluid 
was sampled. Data are expressed as percent dose applied. Error bars, 1 SO. 
foreskin. The basal cells were negative for this protein and relative 
expression increased up to the granul~r layer. .Invol?:crin .was not 
detected in the stratum corneum layers m the epidermiS of either the 
co-culture or the foreskin, presumably due to crosslinking of the 
involucrin into cornified envelopes. 
Because a stratum corneum rich in non-polar lipids is required for 
intact barrier function [9 - 11], we examined the lipid composition 
of the epidermis of the 4-week keratinocyte/dermal model co-cul-
ture. The lipids from the epidermis of the co-cultures and ofFSs and 
MKs were extracted. The total lipid extract (10 mg of each) was 
fractionated on silicic acid columns into three parts: non-polar (e.g., 
cholesterol) lipids, medium polarity (e.g., ceramide) lipids, and 
polar (e.g., phospholipid) lipids (Fig 4). Each fraction was further 
separated by TLC. The cultured epidermis had lipid patterns that 
were similar to FS epidermis and different from MKs. In particular, 
ceramide types III and IV were present in the co-culture and FS, 
whereas they were absent in MKs. The co-culture, similar to FS, was 
enriched with cholesterol relative to MKs, and phospholipids were 
decreased in the co-culture and FS relative to monolayers. 
Due to the presence of epidermal differentiation markers and a 
morphologic stratum corneum, and the similarity between the lipid 
profiles of the foreskin and cultured epidermis, it was reasonable to 
expect that the keratin~cyt~/~ermal model co~cu1ture would ex-
hibit functional propertIes Similar to human skm. 
Functional Properties of the Keratinocyte/Dermal Model 
Co-Culture To evaluate the development of the permeability 
barrier in vitro, the keratinocyte/dermal model co-cultures were 
laser cut into 1.69-cm2 squares at 1, 2, 3, 4, and 5 weeks after seeding 
keratinocytes. The permeability of the cultures to a pa~el of COll~­
pounds at various stages of dev.elopment ~as tested us~ng a statiC 
permeation assay (Fig 5). A sigmficant barner, as determmed by the 
exclusion of sucrose, had developed by 3 weeks of culture when a 
complete stratum corneum was present (Fig Ie). Further. im.prove-
ment of barrier properties at 4 and 5 weeks was small ~ut slg~tfica~t. 
Over the 3 - 5-week culture period, the cultured epidermiS mam-
tained a selective permeability to a panel of comRounds that d~ffer 
significantly in their lipid solubility. However, It was noted III a 
number of the cultures after 5 weeks that the basal keratinocytes had 
ceased to proliferate and that they had differentiated, causing a 
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Figure 7. Permeability coefficients of the keratinocyte/dermal model 
co-culture. The 4-week co-culture was cut into 1.69-cm2 squares and I 
placed in a side-by-side diffusion cell. The ~ permeability coefficient was 
determined for each of the indicated compounds from the steady-state 
flux rates. The compounds were ranked in order of increasing permeabil' 
ity. Compounds tested were 1, water; 2, sucrose; 3, urea; 4, benzoic acid; 
5, caffeine; 6, hydrocortisone; and 7, estradiol. Data are representative of 
two experiments. 
But we noted that the permeability properties of the compounds 
were not significantly altered at 5 weeks. 
To evaluate the utility of the keratinocyte/ dermal model co-cul-
ture and to more accurately determine the permeability properties, 
the 4-week cultures were mounted in either Franz or side-by-side 
type glass diffusion cells. Figure 6 shows the comparison of [3HJ-
water permeability (in percent dose applied) of the keratinocyte/ 
dermal model co-culture and of neonatal foreskin. The values for 
water "leakage" in the two tissues was virtually the same, but the 
variability was significantly greater for the human foreskin tissue. 
To calculate permeability coefficients, the keratinocyte/ dermal 
model co-culture was mounted into a side-by-side diffusion cell. 
The permeability coefficient (P) values in cm/h for a panel of com-
pounds is shown graphically in Fig 7. The permeability properties 
of the co-culture are very similar in the rank order of compounds to 
adult skin but are significantly greater in absolute value of the per-
meability coefficients (i.e., (3H]-water flux is 15 - 20 times higher 
than in normal adult cadaver skin; data not shown). 
Although the permeability of the co-cultures is significantly 
higher than that of cadaver skin, it does offer an advantage in meta-
bolic capacity. Cadaver skin does not have consistent or predictable 
metabolic activity, a factor that may significantly alter the perme-
ation rates ill vivo [11,12]. Figure 8 shows that the ability to metabo-
lize testosterone develops as the keratinocyte/derrnal model co-cul-
ture matures and differentiates. The lane denoted 0 is the dermal 
model prior to seeding with keratinocytes. The dermal fibroblasts 
themselves converted the testosterone to dihydrotestosterone or an-
drosterone. Dihydrotestosterone produced in skin by steroid 5-
alpha-reductase !s an active metabolite. As the epidermis developed, 
further metabolIsm of the testosterone to inactive metabolites was 
observed. This metabolic activity was maintained over the 5-week 
culture period. 
The profiles of testosterone metabolites produced by neonatal 
foreskin and the keratinocyte/dermal model co-culture were com-
pared (Fig 9). Note that a very similar pattern of metabolites is 
observed in the foreskin and the cultured epidermis. Both tissues 
converted testosterone to a mixture of polar metabolites. These 
metabolites include androstane-3, 17 -diol and androstane-3,17 
dione, dihydrotestosterone, and androsterone. 
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Figure 8. Development of testosterone metabolism in the keratinocyte/ 
dermal model co-culture. At the indicated week of culture, the co-culture 
was laser cut into 1.69-cm2 squares. [3HJ-testosterone was applied directly 
to the epidermal side as described in Materials atld Methods. After a 3-h 
incubation, the testosterone and testosterone metabolites in the medium 
were extracted with methylene chloride, separated by TLC, and visual-
ized with autoradiography. The lane denoted OM is only dermal fibro-
blasts (dermal model prior to seeding with keratinocytes). T, testosterone 
standard. 
DISCUSSION 
In recent years, ill vitro models have proved to be valuable tools in 
the study of skin development and physiology, and have found 
applications in iI' vitro toxicology, percutaneous absorption, and 
drug metabolism [4,6]. The keratinocyte/dermal model co-culture 
described here has a three-dimensional skin-like morphology con-
sisting of dermal and epidermal components. The physiologic devel-
opment of this skin culture model follows that of skin develop-
ment/wound repair iI, vivo in many respects. Fibroblasts attach to 
the nylon mesh, proliferate, and secrete a dense network of ECM 
within the openings of the mesh without the addition of exogenous 
matrix constituents. The matrix formed is rich in mature collagen, 
fibronectin, and glycosarninoglycans and provides an excellent 
foundation for the migration, proliferation, and differentiation of 
epidermal keratinocytes. The exposure of the cultures to the air/li-
quid interface and the addition of lipid precursors to the medium 
were found to be crucial to the development of a differentiated 
epidermis (i.e., the presence ofK! [67-kDa keratin], involucrin, and 
epidermal lipids, such as complex ceramide types III and IV). 
The appearance of the epidermal differentiation markers was as-
sociated with the development of a permeability barrier and the 
increased metabolism of the model compound testosterone. 
Whereas the permeation rates observed for the keratinocyte/dermal 
model co-culture were significantly higher than those for human 
cadaver skin, the relative rates for the panel of compounds were 
ranked correctly. The metabolite profile for testosterone was also 
very similar to that seen in human foreskin, indicating that the 
cultured epidermis and dermis maintain the metabolic pathways 
found in the parent tissue. 
The presence of a selective permeability barrier in an ill vitro 
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Figure 9. Comparison of testosterone metabolite 'profile of the keratino-
cyte/dermal model co-culture to that of neonatal foreskin. Testosterone 
metabolism of the 4-week co-culture (BFM) was compared to neonatal 
foreskins (FS) after a 24-h incubation. Neonatal foreskins were placed on 
Millicells; however, unlike BFM co-cultures, the testosterone dose was 
applied directly without a filter paper. 
system that contains metabolically active cellsprovides the opportu-
I1lty to add:ess th~ ~ole of cu~aneous metaboltsm in the permeation 
and potential tOXICity of vanous compounds and formulations. In 
addition, this iI, vitro co-culture model has potential applications in 
the study of wound healmg and tissue remodeling, due to the natu-
ral ~eposition ofECM ~y the resident fibroblasts and the epitheliali-
zatIOn that occurs dunng the growth and differentiation of the 
dermis and epidermis. 
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